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A fraction of simian immunodeficiency virus (SIV)-infected macaques develop rapidly progressive disease in
the apparent absence of detectable SIV-specific antibody responses. To characterize the immunopathogenesis
of this syndrome, we studied viral load, CD4* T-lymphocyte numbers as well as cellular and humoral immune
responses to SIV and other exogenous antigens in four SIVsm-infected rhesus macaques that progressed to
AIDS 9 to 16 weeks postinoculation. Each of these animals exhibited high levels of viremia but showed
relatively preserved CD4 T lymphocytes in blood and lymphoid tissues at the time of death. Transient
SIV-specific antibody responses and cytotoxic T-lymphocyte responses were observed at 2 to 4 weeks postin-
oculation. Two of the macaques that were immunized sequentially with tetanus toxoid and hepatitis A virus
failed to develop antibody to either antigen. These studies show that the SIV-infected rapid progressor
macaques initially mounted an appropriate but transient cellular and humoral immune response. The sub-
sequent immune defect in these animals appeared to be global, affecting both cellular and humoral immunity
to SIV as well as immune responses against unrelated antigens. The lack of CD4 depletion and loss of humoral
and cellular immune responses suggest that their immune defect may be due to an early loss in T helper

function.

Human immunodeficiency virus (HIV) infection results in a
highly variable disease course ranging from rapid progression
to long-term nonprogression (3, 8, 10, 11, 29, 31, 34, 37, 39).
The rate of disease progression is tightly linked with the extent
of virus replication. Thus, postseroconversion plasma viral
RNA levels are predictive of disease outcome (28, 34). The
extent of viremia is influenced by a wide range of host factors.
For example, cellular immune responses are temporally asso-
ciated with downregulation of viremia following primary infec-
tion (23), and the strength of these responses is predictive of
viral load and disease progression (32, 35). Other potential
host factors influencing disease progression include genetic
polymorphisms of major histocompatibility complex (MHC)
genes and deletions in the CCR5 gene (4, 6). While long-term
nonprogressors have been studied extensively (3, 29, 37, 40),
less attention has been paid to the study of rapid progression.
Individuals who progress to AIDS in a period of 1 to 2 years
from the time of infection have been identified among adult
and infant populations (10, 11, 30, 51). These individuals dem-
onstrate rapid loss of CD4 " T cells and lack strong cellular and
humoral immune responses. However it is not clear why such
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patients develop AIDS so rapidly, and the relative contribu-
tions of host and viral factors remain undefined.

The pathogenesis of SIV infection in macaques appears to
be similar to that of HIV infection, covering the full spectrum
of long-term nonprogression to rapid progression (2, 9, 15, 16,
17, 20, 27, 36, 54). Even when a common SIV strain is used for
experimental infection of macaques, the disease outcome can
be highly variable, consistent with a strong influence of host
factors (12, 17, 27, 46). As with HIV infection, the level at
which plasma viral RNA stabilizes following primary infection
with SIV is a highly predictive correlate of the rate of disease
progression (17, 50), and CD8" T cells play a major role in
early control of viremia (24, 42). Macaques that progress rap-
idly following SIV infection are characterized by persistent
antigenemia, high and increasing levels of plasma viral RNA,
and lack of apparent SIV-specific antibody responses (7, 20, 36,
41, 54). Macaques with this extremely rapid disease course are
observed with all cohorts inoculated with pathogenic SIV
strains at a frequency of approximately 25 to 30% of the co-
hort.

The purpose of the present study was to evaluate the immu-
nopathogenesis of this disease syndrome in SIV-infected ma-
caques in an attempt to determine the mechanisms for immune
dysfunction in such animals. Since rapid progression occurs
sporadically within a cohort and we did not wish to artificially
perturb the immune system by manipulations such as CDS8
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depletion to increase the proportion of such animals, the ma-
caques for this study were derived from three separate studies.
We studied the kinetics of viral replication in these animals,
CD4 T-cell numbers in blood and tissues, humoral and cell-
mediated immune responses for SIV, and immune responses
to other exogenous antigens.

MATERIALS AND METHODS

Viruses and macaques. Four rhesus macaques of Indian origin were inocu-
lated intravenously with 50 monkey infectious doses of SIVsmE660 (H538 and
H567 [43]) or 2000 tissue culture infectious doses of STVsmES43-3 (H445 [2]) or
SIVsmH445 (H635). SIVsmE660, SIVsmES543-3, and SIVsmH445 are closely
related viruses. EDTA-anticoagulated blood samples were collected sequentially
and evaluated for isolation of infectious SIV, plasma viral RNA loads, lympho-
cyte subsets by flow cytometry, SIV-specific antibody, and cytotoxic T-cell re-
sponses. The two rhesus macaques infected with SIVsmE660 expressed the
Mamu-A*01 MHC class I molecule. These animals were selected by Mamu-
A*01-specific reverse transcriptase-PCR of total RNA isolated by RNeasy puri-
fication (Qiagen, Chatsworth, Calif.) from 5 X 10° peripheral blood mononu-
clear cells as described previously. Verification was achieved by direct sequencing
of PCR products (QIAquick PCR purification kit, Qiagen) by automated se-
quencing on the ABI 377 sequencer.

The ability of herpesvirus papio-transformed B lymphoblastoid cell lines (B-
LCL) from these macaques to act as targets in p11C-specific functional cytotox-
icity assays was used to confirm the expression of the Mamu-A*01 allele. Mon-
keys were maintained in accordance with the guidelines of the Animal Care and
Use Committee of the National Institutes of Health and the Guide for the Care
and Use of Laboratory Animals (33). Symptoms in each of the four animals were
similar: weight loss, anorexia, and chronic diarrhea that was unresponsive to
supportive and antibiotic therapy. Macaques were euthanized when they devel-
oped intractable diarrhea, and weight loss of greater than 10% of body weight.

Assays for SIV-specific antibodies. Serology for antibodies to SIVsm was
performed by Western blot analysis as previously described (15, 18) and radio-
immunoprecipitation. Briefly, CEM174 cells were infected with SIVsmE660 (14)
and, at the peak of reverse transcriptase activity, labeled overnight with
L-[**S]methionine and L-[**S]cysteine (Amersham, Arlington Heights, Tll.). The
next day, the labeled cells were lysed with 1 ml of radioimmunoprecipitation
assay (RIPA) buffer (20 mM Tris-HCI, pH 7.5, 5 mM EDTA, pH 8.0, 312.5 mM
NaCl, 1.0 g of sodium deoxycholate, 1% Nonidet P40) and centrifuged and the
cell lysate supernatant was preabsorbed with 50 pl protein A-agarose beads
(Gibco BRL, Gaithersburg, Md.) for 1 h. Then 10 pl of plasma was combined
with 50 pl of protein A-agarose beads and incubated with shaking for 1 h at 4°C.
The protein A-agarose bead-antibody complex was washed once with phosphate-
buffered saline (PBS), combined with equal aliquots of cell lysate, incubated with
shaking for 1 h at 4°C, and then washed five times with 1 ml of RIPA buffer. The
pellet was resuspended in 50 pl of RIPA buffer and 50 pl of 2X sodium dodecyl
sulfate (SDS) gel loading buffer (100 mM Tris-HCI, pH 6.8, 200 mM 2-mercap-
toethanol, 4% SDS, 0.2% bromophenol blue, 20% glycerol), boiled for 4 min.
and then loaded onto an SDS-10% polyacrylamide gel. The dried gel was
exposed to a Kodak Bio-Max MR film (Kodak, Rochester, N.Y.) for 5 days.

SIV neutralization was measured in CEMx174 cells as previously described
(17, 18). Neutralizing antibody titers are the plasma dilution at which 50% of
cells were protected from virus-induced killing as measured by neutral red
uptake. Virus stocks for neutralization assays were produced in H9 cells
(SIVsmH-4 and SIVsmE543-3) and CEMx174 cells (SIVsmE660).

Immunohistochemistry and in situ hybridization. Formalin-fixed, paraffin-
embedded tissues were stained for SIV RNA as previously described (18) with
SIV-specific probes. Briefly, the tissue sections were deparaffinized and rehy-
drated with water, pretreated with 0.2 N hydrochloric acid, proteinase K, pre-
hybridized and hybridized overnight at 51°C with either the antisense or sense
riboprobe. The riboprobe consisted of a mixture of probes encompassing 90% of
the SIV genome, conjugated with digoxigenin-UTP (Loftstrand Labs Ltd., Gaith-
ersburg, Md.) at a final concentration of 1.75 ng/ul. The hybridized sections were
washed in standard posthybridization buffers and RNase A (Sigma, St. Louis,
Mo.) and RNase T, (Roche Molecular Biochemicals, Indianapolis, Ind.). The
sections were blocked in 3% normal sheep and horse serum in 0.1 M Tris (pH
7.4) and then incubated with a 1:500 dilution of sheep antidigoxigenin-alkaline
phosphatase (Roche Molecular Biochemicals) for 1 h. Sections were then rinsed
in Tris buffer and reacted with NBT/BCIP (Vector Laboratories, Ltd., Burlin-
game, Calif.) for 10 h and visualized with a Zeiss Axiophot microscope (Carl
Zeiss Inc., Thornwood, N.Y.).
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Formalin-fixed, paraffin-embedded tissue sections were stained with an anti-
human CD4 mouse monoclonal antibody clone 1F6 (Novacastra Laboratories).
Sections were rehydrated and processed for 6 to 8 min in a Presto pressure
cooker (National Presto Industries, Eau Claire, Wis.) in 1 mM EDTA (pH 8.0)
or Tris to unmask antigens. The samples were sequentially treated with PBS,
aqueous hydrogen peroxide, serum block (3% normal goat serum-1% nonfat
milk—0.5% bovine serum albumin), and the specific monoclonal antibody for 1 h.
The reaction was visualized with the Vectastain mouse IgG-peroxidase ABC kit
(Vector Laboratories) and diaminobenzidine, followed by 10 s of treatment in
diaminobenzidine enhancing solution (Vector Laboratories). Samples were then
rinsed in distilled water and counterstained with hematoxylin.

Assessment of immune responses to tetanus toxoid and Havrix. Two cohorts
of six macaques each were evaluated for immune responses to tetanus toxoid and
hepatitis A virus following establishment of SIV infection. Each cohort included
one rapid progressor macaque, H445 (SIVsmE543-3) and H635 (STVsmH445).
The macaques in the first cohort (including H445) were immunized intramus-
cularly with 5 U in 0.5 ml of tetanus toxoid (Connaught, Swiftwater, Pa.) at 9
weeks after SIV inoculation and antibody responses were measured by a com-
mercial enzyme-linked immunosorbent assay (ELISA) (Quest Diagnostics, San
Juan Capistrano, Calif.) in plasma samples collected 1 and 2 weeks later. The
macaques were immunized intramuscularly with the pediatric dose (720 ELISA
units in 0.5 ml) of the hepatitis A virus vaccine (Havrix, SmithKline Beecham Inc,
Philadelphia, Pa.) at 11 and 14 weeks. Antibody responses were measured weekly
by ELISA with the Abbott (Abbott Park, Ill.) HAVAB enzyme immune assay.
The macaques in the second cohort (including H635) were immunized with
tetanus toxoid and hepatitis A virus vaccine simultaneously at 4 weeks post-SIV
inoculation and then boosted with hepatitis A virus at 8 weeks post-SIV inocu-
lation.

CTL assay with recombinant vaccinia virus. Peripheral blood mononuclear
cells (107) from the monkeys were cultivated in vitro with paraformaldehyde-
fixed, autologous B-LCL infected with either vaccinia virus-SIV env or vaccinia
virus-SIV gag. On day 3 of culture, 20 U of recombinant human interleukin-2 per
ml was added to the cultures. On day 12 of culture, the lymphocytes were
centrifuged over a Ficoll-diatrizoate gradient and assessed as effector cells in a
SICr release cytotoxicity assay. Target cells were autologous B-LCL (10°) cul-
tured overnight with vaccinia virus-SIV gag, SIV env, or vaccinia virus expressing
equine herpesvirus (control) at a multiplicity of infection of 10 PFU/cell. Target
cells were then washed and labeled with 100 wCi of sodium >'chromate (ICN,
Calif.) for 1.5 h. After washing, 10* target cells were added per well in 96-well
U-bottomed plates in 100-ul volumes. Effector cells were added in another
100-wl volume at various concentrations to give effector-to-target cell ratios of
20:1, 10:1, 5:1, and 2.5:1. Plates were incubated at 37°C for 4 h. Then 50 pl of
supernatant was transferred to counting plates and 200 pl of scintillation fluid
was added and analyzed in a 1450 Microbeta liquid scintillation counter. Specific
release was calculated as [(experimental release — spontaneous release)/(100%
release — spontaneous release)] X 100.

Tetramer staining of whole blood. One microgram of phycoerythrin-labeled
tetrameric Mamu-A*01/p11C in conjunction with fluorescein isothiocyanate-
labeled anti-human CD8a (Leu2a; Becton Dickinson), phycoerythrin-Texas red
energy coupling dye (ECD)-labeled anti-human CD8af (2ST8-5H7; Beckman
Coulter), and allophycocyanin-labeled anti-rhesus CD3 (FN18) monoclonal an-
tibodies were used to stain p11C-specific CD8* T cells. One hundred microliters
of whole blood from both vaccinated and control monkeys was directly stained
with these reagents, lysed on an Immunoprep Reagent Q-Prep Workstation
(Coulter), washed in 3 ml of PBS, and fixed in 0.5 ml of PBS containing 1.5%
paraformaldehyde.

Alternatively, peripheral blood leukocytes from rhesus monkeys were isolated
and washed in Hanks” balanced salt solution containing 2% fetal calf serum.
Peripheral blood leukocytes (5 X 10°) in 2 ml of RPMI 1640 medium containing
12% fetal calf serum (R12) were cultured in the presence of 1 p.g of the SIV Gag
pl11C (CTPYDINQM) peptide per ml. On day 3 of culture, 2 ml of 40-units/ml
human recombinant interleukin-2 (Hoffman-La Roche) was added. On day 12 of
culture, peptide-stimulated peripheral blood leukocytes were centrifuged over a
Ficoll gradient and washed. Then 5 X 10° peptide-stimulated peripheral blood
leukocytes were resuspended in 100 pl of PBS and stained with 1 g of phyco-
erythrin-labeled tetrameric Mamu-A*01/p11C or Mamu-A*01/p68A complexes
in conjunction with fluorescein isothiocyanate-labeled anti-human CDS8a
(Leu2a; Becton Dickinson), ECD-labeled anti-human CD8af (2ST8-5H7; Beck-
man Coulter), and allophycocyanin-labeled anti-rhesus CD3 (FN18) monoclonal
antibody. Then the samples were washed in 3 ml of PBS containing 2% fetal
bovine serum and fixed in 0.5 ml of PBS containing 1.5% paraformaldehyde.
Samples were analyzed by four-color flow cytometry on a Coulter EPICS Elite
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TABLE 1. Summary of SIV-infected rapid progressor
macaque characteristics

. Mamu-A*01 Survival
Macaque Virus arz?l?ele lzivvl?;a
HS538 SIVsmE660 + 10
H567 SIVsmE660 + 9
H445 SIVsmES43-3 - 16
H635 SIVsmH445 - 9

ESP system. Gated CD3" CD8af ™" T cells were examined for staining with
tetrameric Mamu-A*01/p11C complex.

Analysis of Gag p11C epitopes in plasma virus. Analyses of 500-bp regions of
viral gag, env, and pol sequences were performed essentially as described previ-
ously (1) evaluating 18 to 20 clones per animal. Virus from frozen plasma
samples was isolated by centrifugation at 25,000 X g for 1 h and lysed with 48%
guanidine thiocyanate, 1.4% dithiothreitol, 1% N-laurolylsarcosine, and 1% so-
dium citrate. RNA was precipitated with isopropanol and solubilized. First-
strand cDNA was synthesized with reverse transcriptase with the SIV gag primer
5" TGTTTGTTCTGCTCTTAAGCTTTTGTAG-3'. Initial PCR amplification
used the primers gag-fwd (5'-ACCTAGTGGTGGAAACAGGAACAG-3") and
gag-rev (5'-TGTTTGTTCTGCTCTTAAGCTTTTGTAG-3"). Secondary nested
PCR amplification was performed with the primers gag-fwd (5'-AGCACCATC
TAGTGGCAGAGGA-3') and gag-rev (5'-GAAATGGCTCTTTTGGCCCTT-
3"). The amplified fragments were cloned into pCR4-TOPO (Invitrogen, Carls-
bad, Calif.) or pAMPI (Stratagene, La Jolla, Calif.), and individual transformed
colonies were subjected to T3 or T7 dideoxy sequencing.

RESULTS

Four rhesus macaques were selected from three separate
animal studies (12, 43) based upon the persistent presence of
SIV p27 antigen in their plasma samples and progression to
AIDS in a period of less than 6 months following SIV inocu-
lation. Two animals (H538 and H567) were Mamu-A*01-pos-
itive rhesus macaques inoculated intravenously with
SIVsmE660 as control animals during the evaluation of a mod-
ified vaccinia virus Ankara (MVA) vector expressing SIVsm
gag-pol (43). Both of these animals were immunized with non-
recombinant MVA and were SIV naive at the time of chal-
lenge. One animal (H445) was part of a cohort of six Mamu-
A*01-negative rhesus macaques inoculated intravenously with
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SIVsmES543-3 to evaluate the intrinsic susceptibility of their
peripheral blood mononuclear cells to SIV as an indicator of
subsequent in vivo viral replication (12). A final animal (H635)
was part of a cohort of six Mamu-A*01-negative rhesus ma-
caques inoculated intravenously with virus isolated from mon-
key H445 (unpublished data).

Each of these macaques exhibited a rapidly progressive dis-
ease characterized by weight loss (>10% of body weight), and
chronic, persistent diarrhea that did not respond to supportive
or antibiotic therapy. The macaques were euthanized between
9 and 16 weeks post-SIV inoculation (see Table 1). Patholog-
ical changes were similar in the four animals and were char-
acterized by lack of lymphoid hyperplasia or secondary germi-
nal centers and the presence of multinucleated giant cells in
many tissues, including the lung, lymph nodes, intestines, and
brain (2, 15, 18). The intestinal mucosa and submucosa were
diffusely edematous, and villous blunting and fusion and crypt
abscesses were observed (data not shown). Granulomatous
encephalitis and pneumonia with associated SIV expression
was observed in all four macaques. No obvious opportunistic
agents were identified in any of these animals.

Each of the four animals was evaluated for sequential
plasma viral load, peripheral blood CD4" T-cell numbers, SIV
expression in tissues by in situ hybridization, and CD4" T-cell
numbers in tissues by immunohistochemistry. Cellular immune
responses and antibody responses (immunoprecipitation and
neutralizing assay) of H538, H567, and H445 were analyzed.
Antibody responses to exogenous recall and primary antigens
(tetanus toxoid and Havrix) were evaluated in H445 and H635,
in parallel with other members of their cohorts.

High plasma viremia. All four animals developed high levels
of plasma viral RNA during primary viremia that continued to
increase throughout the course of infection (Fig. 1). Plasma
viral RNA levels ranged from 10® to 10° copies per ml at the
time of euthanasia; these levels were 100- to 1,000-fold higher
than plateau levels in the plasma of other animals in their
cohorts that developed SIV-specific antibody (see Fig. 1B).
Plasma viral RNA levels in conventional progressors generally
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FIG. 1. Sequential plasma viremia in rapid progressor macaques. (A) Plasma viremia is shown graphically for the four study animals from the
time of inoculation to euthanasia. (B) For comparison, plasma viremia during the same time period is shown for six conventional progressor
macaques; two were selected from each cohort of the rapid progressor macaques.
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FIG. 2. SIV-specific in situ hybridization (bottom) in mesenteric lymph
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disruption of the lymphoid architecture is evident, with absence of secondary germinal centers and variable degrees of paracortical depletion. Large
numbers of virus-expressing cells were observed in the lymph nodes of all four animals. Magnification, X10.

declined by 2 to 3 logs following primary infection. Consistent
with high plasma viremia, large numbers of virus-expressing
cells were observed in lymphoid tissues of these four animals as
detected by in situ hybridization of mesenteric lymph nodes
collected at the time of death (Fig. 2).

Maintenance of peripheral CD4* T lymphocytes. Lympho-
cyte subsets in the peripheral blood were evaluated prospec-
tively following infection. As shown in Fig. 3A, absolute CD4™
T cells at the time of euthanasia varied considerably (327, 466,
1,000 and 1,332 cells per wl of blood). CD4" T cells declined
to some degree in all animals compared to preinoculation
values, but were within normal limits in two of the animals
(H538 and H635) and moderately depleted in another (H567)
(see Fig. 3A). A similar range in CD4 counts was observed
among four other historical rapid progressors, with an overall
range in the eight animals of 220 to 1,249, with a mean of 765
cells/pl. Thus, despite the rapidity of disease progression and
the high levels of viremia, none of these animals exhibited the
low CD4 T-cell counts usually seen in AIDS (16, 25). The

alterations in CD4™ T cells were similar to those of conven-
tional progressor macaques observed during the same time
period following infection (see Fig. 3B). In contrast to the
relative preservation of CD4 cells terminally in the rapid pro-
gressors, significant CD4* T-cell depletion terminally was ob-
served in the conventional progressors from these cohorts (n =
12; mean =+ standard deviation, 116 * 69).
Immunohistochemistry was used to evaluate the numbers of
CD4" T cells in peripheral and mesenteric lymph nodes,
spleen and gastrointestinal tract. As shown for the mesenteric
lymph nodes in Fig. 4, the numbers of CD4" T cells varied
among the animals. Numerous CD4 cells were observed in
lymphoid tissues of H567 and H635 and moderate to severe
depletion was observed in lymphoid tissues of H445 and H538
(Fig. 4). The level of depletion was similar in various lymphoid
tissues examined (data not shown). However the peripheral
CD#4 count (Fig. 3) did not directly correlate with the number
of CD4 cells seen in lymph nodes by immunohistochemistry.
Since these animals were dying rapidly with extremely high
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B. Conventional Progressors

Absolute Blood CD4+ T Cells

Weeks Post SIV Inoculation

FIG. 3. (A) Sequential changes in absolute peripheral CD4" T cells during the course of SIV infection in four rapid progressor macaques is
shown graphically. (B) For comparison, CD4" T cells are shown during the first 20 weeks after inoculation in the same six conventional progressor

macaques in Fig. 1B.

levels of viremia and relatively preserved CD4 " T-lymphocyte
numbers in the blood and lymphoid tissues, we were interested
in the immune responses to viral and other antigens in such
animals.

Transient SIV-specific antibody responses. SIV-specific an-
tibody was not detectable by Western blot analysis or whole
virus ELISA of plasma samples at 4 weeks postinoculation, at
a time when all other animals had seroconverted (data not
shown). Since radioimmunoprecipitation may be more sensi-
tive for detecting SIV-specific antibody responses, early se-
quential plasma samples from three of the macaques were
evaluated for their ability to immunoprecipitate SIV proteins
from SIVsmE660-infected cell lysates. As shown in Fig. 5A,
weak and transient SIV-specific antibody responses were ob-
served in two of the three macaques at 2 weeks postinocula-
tion. One macaque (H567) responded solely to Gag antigens
and the other responded to both envelope and Gag antigens
(H445). The rapid progressor macaques did not mount a de-
tectable neutralizing antibody response to their challenge virus
(SIVsmES543-3 for H445 and SIVsmE660 for H538 and H567)
or a laboratory-adapted, neutralization-sensitive strain,
SIVsmH4 (Fig. 5B). This contrasted with robust neutralizing
antibody responses to SIVsmH4 by 6 weeks postinoculation in
all the conventional progressors (Fig. 5B). Neutralization of
the challenge strain was only observed by 18 to 24 weeks
following infection in the conventional progressor macaques
(data not shown) and thus would not be expected to be seen by
the time of death of the rapid progressor macaques (9 to 16
weeks).

Transient SIV-specific cellular immune responses. SIV-spe-
cific cytotoxic T-cell responses were assayed prospectively in
three of the macaques. Functional assays utilizing vaccinia
virus to express SIVmac envelope and Gag in autologous tar-
get cells were used to evaluate CTL in H445, a Mamu-A*01-
negative macaque. As shown in Fig. 6A, Gag- and Env-specific
CTL responses were detected at 2 and 3 weeks postinoculation
but rapidly waned to background levels by 4 weeks postinocu-
lation. In contrast, other macaques in the cohort of
SIVsmES543-3-inoculated macaques developed robust and per-
sistent SIV-specific CTL responses by 2 weeks postinoculation
(data not shown).

The CTL responses of the two Mamu-A*01-positive ma-
caques were assayed with an epitope-specific functional CTL
assay and tetramer technology. As shown in Fig. 7A, p11C-
specific CTL were detected in a functional assay at 2 to 5 weeks
postinoculation and then rapidly declined to below background
levels. This functional activity coincided with the presence of
CD8" T cells that bound the p11C tetramer in the peripheral
blood (Fig. 7B). The kinetics of the appearance of this re-
sponse was similar to that of two other naive Mamu-A*01-
positive SIV-infected macaques in the cohort of SIVsmE660-
infected macaques that had a more usual clinical course but
was lower in magnitude (data not shown) (43).

Loss of CTL activity in these rapid progressor animals could
be due to viral escape from CTL recognition. We evaluated the
frequency of viral sequence mutations within Mamu-A*01-
restricted Gag p11C epitope at the time of euthanasia of the
two Mamu-A*01" animals and compared these sequences with
the inoculum. The viral sequence of the dominant Gag
p11C-M epitope was conserved (data not shown), suggesting
that the loss of CTL activity in these animals was not due to
viral escape in this epitope. Thus, the loss of CTL activity
appears mechanistically distinct from the progressive loss of
activity observed in conventional progressors where viral im-
mune escape is an accumulative and ongoing process (1).

Rapid progressor macaques are unable to respond to unre-
lated antigens. Finally since these macaques showed a failure
to maintain both humoral and cellular antiviral immune re-
sponses, we were interested in their ability to respond to other
exogenous antigens. The ability of two rapid progressor ma-
caques to respond immunologically to tetanus toxoid and hep-
atitis A virus was assessed (Fig. 8). One cohort of SIVsm-
inoculated, Mamu-A*01-negative macaques were immunized
with tetanus toxoid at 9 weeks after SIV infection and with
hepatitis A virus antigen (Havrix) at 11 and 14 weeks. The
second cohort was immunized simultaneously with tetanus tox-
oid and Havrix (primary) at 4 weeks and boosted with Havrix
at 8 weeks postinoculation. All of the animals had been im-
munized with tetanus toxoid within the last 5 years, but anti-
body titers were low at the time of immunization and therefore
this antigen represented a recall antigen.

Three SIV-infected animals (447, 455, and 458) and the two
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FIG. 4. Immunohistochemical detection of CD4™ T cells in mesenteric lymph nodes of four rapid progressor macaques at the time of autopsy,
showing variable degrees of CD4 depletion in lymphoid tissues. Lymph nodes of H445 and H538 (top) demonstrated moderate to severe CD4™
T-cell depletion, whereas depletion was much less pronounced in nodes from H567 and H635 (middle). This contrasts with the preservation of CD4
cells in the paracortical region of a lymph node from a normal uninfected rhesus macaque (bottom left) and the severe depletion in a lymph node
of a conventional progressor macaque, H120, in end-stage disease (bottom right).

SIV-naive animals (396 and 451) responded vigorously to tet-
anus toxoid. Weak or transient responses were observed in the
remaining animals, including the two macaques with rapidly
progressive disease, H635 and H445 (Fig. 8A). Each of the

animals that responded poorly to tetanus toxoid had high levels
of primary plasma viremia. Ten of the SIV-infected macaques
developed a primary response to hepatitis A virus immuniza-
tion after the first immunization that was boosted to high levels
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FIG. 5. Analysis of SIV-specific antibody responses of rapid pro-
gressor macaques H538, H567, and H445. (A) Radioimmunoprecipi-
tation analysis of SIV-specific antibody in plasma of macaques H538,
H567, and H445 during the primary phase of infection. Lanes are
numbered according to the week post-SIV inoculation of the plasma
samples. The locations of SIV gp120, gp160, p55, and p27 are indi-
cated. (B) Sequential reciprocal neutralizing antibody titers in SIV-
inoculated macaques assayed with the laboratory-adapted, homolo-
gous SIVsmH4 strain. Macaques H538, H567, and H445 did not
develop detectable neutralizing antibody.

by the second immunization (Fig. 8B). In contrast, neither
rapid progressor macaque, H445 or H635, mounted detectable
primary or secondary antibody responses to hepatitis A virus.
The poor response to both tetanus toxoid and hepatitis A virus
suggests a global immune defect in rapid progressor macaques.

DISCUSSION

This prospective study of both cellular and humoral immune
responses in SIV-infected rapid progressor macaques revealed
a number of novel observations. First, macaques that progress
rapidly to AIDS following SIV infection develop both virus-
specific humoral and cell-mediated immune responses but sub-
sequently lose these responses very rapidly. Second, these an-
imals rapidly lost their ability to respond to other recall and
primary antigens, indicative of profound immunodeficiency.
Yet despite severe immunosuppression, these animals main-
tained nearly normal circulating and tissue CD4™" T lympho-
cytes, consistent with loss in lymphocyte function as the under-
lying cause of the immune dysfunction.

Previous reports have described rapid progressors as ma-
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FIG. 6. Env- and Gag-specific CTL responses in peripheral blood
of macaque H445. Specific lysis of vaccinia virus-expressed Env (top)
and Gag (bottom) target cells at different effector-to-target cell ratios
are shown graphically throughout the course of infection of H445.

caques that fail to mount SIV-specific antibody responses (15,
54). It has been assumed that rapid progressor macaques de-
velop rapid disease because they fail to react immunologically
to the virus. However, our present study clearly demonstrated
transient immune responses by 2 weeks of infection. The ki-
netics of appearance and loss of CTL reactivity were similar
whether assays were done with Gag p11C peptide-pulsed tar-
gets or targets infected with vaccinia virus-expressed SIV Gag
and Env. Thus, loss of CTL reactivity appears to be a global
loss to multiple epitopes. Analysis of the Gag p11C epitope in
the virus infecting two of these animals revealed that the loss of
reactivity to this epitope was not due to mutations of the virus
away from CTL recognition, as has been observed in conven-
tional progressor macaques infected with SIVsmE660 (1). The
failure to maintain SIV-specific immune responses in rapid
progressor macaques suggests a global loss or dysfunction in
critical lymphocyte subsets required to maintain a humoral and
cellular immune response.

In addition to the failure of SIV-specific immune responses,
the rapid progressor macaques in this study lost the ability to
generate both primary and secondary immune responses to
other antigens, tetanus toxoid and hepatitis A virus antigen. An
impaired response to the memory recall antigen tetanus toxoid
was observed in a number of the animals that did not progress
rapidly to AIDS and is presumably a bystander effect analo-
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FIG. 7. Gag peptide, p11C-specific CTL activity in the blood of
MVA-immunized rhesus monkeys H538 and H567 after infection with
SIVsmE660. (A) Sequential p11C-specific lysis in peripheral blood
mononuclear cells at effector-to-target cell ratios of 5:1 to 1.25:1 with
CTL activity detectable between days 14 and 28 following infection is
shown graphically. (B) Sequential percent tetramer-positive CD8" T
cells in whole blood of macaques H538 and H567 shown sequentially
throughout SIV infection.

gous to that observed during primary viremia in other viral
infections (45, 53). However, the response to hepatitis A virus
(a primary antigen) was selectively impaired in the rapid pro-
gressor macaques. The loss of primary immune responses sug-
gests a more profound and permanent immune defect than in
these other viral infections or than observed in macaques that
progress more slowly to AIDS.

Finally, rapid progressor macaques developed severe immu-
nosuppression without profound depletion of CD4" T cells.
This is distinct from the severe CD4 depletion that is observed
in macaques that progress slowly to AIDS in the face of per-
sistent immune responses (16) or in HIV-1 infection in hu-
mans. In both of these scenarios, there are essentially no clin-
ical consequences of infection until the CD4 cell count is <250.
In contrast, only subtle declines in CD4 T cells in the periph-
eral blood and tissues were observed despite evidence of se-
vere early immune defects in these rapid progressor macaques.
These data suggest that their immune dysfunction was not a
direct result of the depletion of CD4™ T cells. This study
evaluated only total CD4* T-cell populations and thus specific
naive, memory, and effector subsets of CD4" T cells could be
selectively affected without observing substantial CD4™" T-cell
depletion in the blood or lymph nodes. Indeed, studies of
SIVmac-infected conventional progressor macaques have re-
vealed a selective depletion of activated memory CD4* T-cell
subsets (49).

The degree of immunosuppression in animals with adequate
numbers of circulating and tissue CD4" T lymphocytes sug-
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FIG. 8. Response of SIV-infected rhesus macaques to immuniza-
tion with tetanus toxoid and hepatitis A virus. The antibody responses
to tetanus toxoid (A) and hepatitis A virus antigen (B) are shown
graphically with the rapid progressor macaques H445 and H635 shown
on the left, the responses of conventional progressors from the same
cohorts in the middle, and SIV-naive macaques on the right.

gests that the CD4™" T cells of such animals may lack functional
activity, specific depletion of selective subsets of CD4* T cells,
or profound immune defects in other critical immune cells
such as dendritic cells. It is presently unclear whether loss of
function of CD4" T cells is the critical factor in the failure of
CTL and humoral responses and the subsequent development
of rapidly progressive disease. However, there is considerable
historical precedence for this being the case from studies of
other viral systems as well as HIV-1. AIDS patients exhibit
early CD4 dysfunction prior to severe CD4 depletion, as mea-
sured by loss of antigen-specific proliferative capacity of CD4
cells in vitro (44). Levels of p24 proliferative responses posi-
tively correlate with Gag-specific CTL frequencies and nega-
tively correlate with plasma viral load, suggesting a causal
relationship between these parameters (21, 22, 32, 34, 40).
Such patients also exhibit a reduced ability to respond to non-
HIV antigens such as tetanus toxoid, and these responses are
partially restored by antiviral therapy (38, 48). A similar loss in
proliferative capacity of CD4™ T cells has been observed early
in disease course in SIV-infected macaques (26), and prolifer-
ative responses inversely correlate with plasma viremia. A cen-
tral role for CD4 cells in the development and maintenance of
effective CTL has been observed in other viral systems, includ-
ing lymphocytic choriomeningitis virus and Friend leukemia
virus in mice (13, 45, 52, 53) and HIV infection (20, 21).

In conclusion, although the rapidity of immunodeficiency in
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rapid progressors distinguishes it from AIDS in humans, rare
individuals with HIV infection with a similar syndrome have
been reported (11, 30, 31), and this syndrome may occur more
frequently in HIV-infected infants (10). These animals are
unique in that they develop severe immunodeficiency in the
absence of profound loss of CD4™" T cells, suggesting a loss in
CD4 function.
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